Background: Big-leaf mahogany (Swietenia macrophylla King) is the woody species with the highest economic value in Latin America. Currently, it is subject to intensive exploitation, diminishing its natural populations. Due to this decline, the species is a preferred species for reforestation and establishment of commercial tropical plantations. Mycorrhizal symbiosis is a biotic factor scarcely studied in the ecology of this species. Therefore, the objective of this research was to identify the diversity of arbuscular mycorrhizal fungi (AMF) species associated with the rhizosphere of seedlings and mature trees of big-leaf mahogany growing in its natural habitat, a tropical rain forest in Los Tuxtlas, Veracruz, Mexico. Soil samples from a 20-cm depth were taken from the rhizosphere of big-leaf mahogany seedlings and mature trees. Additionally, spores from the rhizosphere soil were propagated on Sorghum vulgare, isolated and identified. The percentage of AMF colonization was also evaluated.
Background
The bigleaf mahogany (Swietenia macrophylla King) is the timber species of greatest economic value in Latin America and is currently the main source of genuine mahogany on the wood market (OIMT 2004) . Its natural distribution includes fragmented populations from southeastern Mexico along the Atlantic coast of Central America and northern South America, occupying a large geographical arc south of the Amazon, between Brazil, Colombia, Peru and Bolivia (Lamb 1966; Snook 1996) . Mahogany is a tropical species that demands much light for growth (Mayhew and Newton 1998) ; therefore, its natural regeneration is associated with significant disturbance to sites produced by fires or hurricanes (Snook 1996) . This forest tree species is subjected to intense levels of exploitation and international trade, showing therefore a decline in its population size and increased population fragmentation in several areas of its natural distribution (Navarro and Hernández 2004; OIMT 2004) . In Mexico, over the past three decades, a loss of 76% of the tropical evergreen forest areas containing mahogany trees has been reported (Calvo et al. 2000) . Currently, mahogany is a preferred species for reforestation and establishment of commercial plantations in the tropics.
Even though it has a great potential for practical application, one of the poorly studied biotic factors of this species is its relationship with arbuscular mycorrhizal fungi (AMF), especially in their natural distribution areas. Different studies indicate a clear colonization of vesicles and arbuscules in the secondary roots of seedling and mahogany trees in natural areas (Herrera and Ferrer 1980) , in young plantations (Noldt and Bauch 2001) and agroforestry systems and tropical forests of Southeast Asia where mahogany has been introduced for cultivation (Dhar and Mridha 2006; Shi et al. 2006; Mridha and Dhar 2007) . However, in general terms, the identity of AMF associated with mahogany in natural areas, has received little attention. It is known that most tropical forest species are associated with AMF and have a wide range of dependence on them, depending on successional stages and soil fertility (Janos 1980a; Le Tacon et al. 1987) . Also, it has been shown that pioneer plant species in tropical areas are more dependent on AMF, in soils poor in minerals, than climax plant species (Zangaro et al. 2000) . Recently, studies on arbuscular mycorrhiza have increased due to the little knowledge we have regarding the diversity and potential of AMF in association with tropical plants. Studies related to the production of mycorrhizal inoculum for the production of tropical plant species are emerging; consequently, despite its paramount importance, currently there is only a limited use of these inocula in reforestation programs on a large scale (RamosZapata and Guadarrama 2004) . In Mexico, there is little knowledge of AMF richness and its role in the ecological processes of tropical land areas that influence the development of plants with which they are associated (GuadarramaChávez et al. 2007) . Most research on AMF in Mexico has been developed in agricultural areas and in many cases, has focused on determining plant responses to symbiosis, regardless of the origin or identity of the AMF (Varela and Trejo 2001) . However, it is important to note that the current perspective is that the AMF communities differentially influence the growth and establishment of tree seedlings in tropical ecosystems, influencing the composition of plant communities (Kiers et al. 2000; Husband et al. 2002) . In this context, the objective of the present investigation was to identify the species of AMF associated with the rhizosphere of seedlings and mature mahogany trees in a fragment of tropical rainforest of Los Tuxtlas, Veracruz, Mexico. We also evaluated the mycorrhizal inoculum potential of rhizosphere soil from such seedlings and mahogany trees.
Methods

Study site
The sampling area was a fragment of tropical rainforest with seedlings and trees of S. macrophylla established naturally. The study area is located in the town of Maxacapan, municipality of Catemaco, within the region of Los Tuxtlas, Veracruz, Mexico (18°23' N, 95°07' W; average elevation of 385 masl). The soil is an ultisol with a light brown color, a sandy-loamy texture and abundant organic matter in the first 10 to 15 cm of soil depth. The vegetation area is disturbed from its original composition due to selective timber harvesting, and is generally surrounded by pastures and coffee plantations.
The climate is warm-humid with an average annual temperature of 27°C (Pérez-Rojas et al. 2000) . The average annual rainfall in the region is 4,964 mm with a marked dry season from March to May (Soto and Gama 1997) , rain during the summer and abundant rain in autumn (Pérez-Rojas et al. 2000) . The Los Tuxtlas region represents the northern limit of the distribution of tropical rainforest in the Americas and the last relic of this type of vegetation in the state of Veracruz (Dirzo and Miranda 1991) . The vegetation of the tropical rain forest in the region has lost 84% of its original cover due to human activity causing a high degree of fragmentation (Dirzo and Mc 1992) .
Collection of rhizosphere soil and establishment of trap-plants
Sampling was conducted in June 2008 and consisted of collecting rhizosphere soil surrounding five seedlings and five mature trees of S. macrophylla. The seedlings had an average basal diameter (±SD) of 4.5 ± 1.5 cm and a mean height (±SD) of 35.6 ± 8.5 cm, while trees had an average basal diameter (±SD) of 1.2 ± 0.5 m and an average height (±SD) of 19.5 ± 4.5 m. To collect soil, organic matter was first removed from around the plants and a shovel was used to remove the roots of mahogany trees and to collect about two kg of rhizosphere soil from each seedling or tree. Soil samples were placed directly into plastic bags, which were placed in coolers for transport to the Laboratory at the Colegio de Postgraduados and stored at 6°C during two months before analysis.
In order to detect additional AMF species to those found at the time of soil collection, which could only be expressed in soil samples as somatic phases, and to determine the mycorrhizal inoculum potential, a trap-plant method was applied using sorghum (Sorghum vulgare L.). This species was used because of its high germination percentage, early susceptibility to mycorrhizal colonization and abundant root production. It is important to note that the establishment of trap-plants allows: i) to corroborate the identification of species based on spores obtained in the field, which are often damaged, causing difficulty in accurate identification, and ii) to obtain sporulation of species that do not sporulate under natural conditions (Guadarrama et al. 2014) . The methodology first involved the sterilization of the loamy-sandy soil (that was poor in phosphorus) with water vapor at 100°C for eight hours in an autoclave. The soil was then placed in 2 L pots, filling them to 75% capacity. On top of this soil was placed a uniform layer of 250 g of rhizosphere soil, resulting in a total of 10 pots corresponding to the number of samples. In each pot, a uniform layer of sorghum seed was sown, watered and maintained under a shade mesh for six months at an average temperature and relative humidity of 26°C and 80%, respectively. During this time, frequent irrigation with tap water was performed depending on the needs of the plants. In addition, during the last three months, all potted plants were watered every 15 days with 200 ml of Long Ashton nutrient solution modified by Hewitt (1966) . After six months, the irrigations were suspended and the plants were cut from the stem base to favor spore production, following the methods described by Carreón-Abud et al. (2013); Hernández-Cuevas and García-Sánchez (2008).
Identification of AMF species
The extraction and counting of spores were carried out using 100 g of rhizosphere soil collected from both, the field and trap-plants and the method of wet sieving and decanting established by Gerdemann and Nicolson (1963) . Spores were extracted and separated into morphotypes by color, shape and size. Subsequently, permanent preparations were made with alcohol and polyvinyl-glycerol (PVLG) and PVLG with Melzer's solution according to Schenck and Pérez (1990) . The isolated spores were measured under a phase contrast microscope. Characteristics such as number of spore layers, ornamentation of outer layers, shape and type of hyphal attachments and sporogenous cells, and the wall layer reactions to Melzer's reagent were also recorded. Species identification was made according to species descriptions provided by the International Culture Collection of Vesicular Arbuscular Mycorrhizal Fungi (INVAM 2014) following the classification of Redecker et al. (2013) .
Determination of mycorhizal colonization
After six months of establishment, the sorghum trap-plants were harvested and the roots were examined to determine the formation of AMF structures, quantify the colonization percentage, and estimate the mycorrhizal inoculum potential for the rhizosphere soil of seedlings and mature trees. Evaluation of root mycorrhizal colonization was performed by clearing and staining the roots (Phillips and Hayman 1970) , and quantifying colonization according to McGonigle et al. (1990) by determining the percentage of arbuscules, vesicles and hyphae in the roots of sorghum. Additionally, the percentage of endophytic fungi was determined in the sorghum roots.
Statistical analysis
For the number of spores from the field soil and colonization variables, ANOVA analyses were performed using a linear mixed effects model, considering the state of mahogany development (seedlings and adults) as fixed effects and the individual specimens as a random effect nested in developmental stage, with three replicates per specimen. Subsequently, the test for differences among means (pdiff, P < 0.05) using the t-statistic was applied. The analysis was performed using the GLM procedure in SAS (SAS Institute Inc 2009). The statistical model used was:
where: Y ijk = response variable, ED i = i th stage of development, Id (ED) j(i) = j th individual nested in the i th stage of development, and € ijk = residual error. The percentages of mycorrhizal colonization and colonization of endophytic fungi were transformed to square-roots to meet the assumptions of normality for ANOVA.
Results
Identification of AMF species
A total of 23 morphotypes of AMF corresponding to three orders and four families were recorded from the rhizosphere of mahogany seedlings and trees (Table 1) . Ten of these morphotypes were identified to species level. From the 23 morphotypes, a total of 11 species belong to the genus Glomus, 10 to the genus Acaulospora, and one each to the genera Gigaspora and Ambispora. In the rhizosphere soil of seedlings, 11 morphotypes were registered corresponding to the genera Glomus and Acaulospora; while from the soil rhizosphere of trees, 21 morphotypes were recorded from four genera (Glomus, Acaulospora, Gigaspora and Ambispora). Nine morphotypes (A. scrobiculata, A. spinosa, Acaulospora sp. 2, Acaulospora sp. 5, Acaulospora sp. 6, D. aurantium, C. etunicatum, R. fasciculatus and Glomus sp. 3) were common in both plant stages. In contrast, A. gerdemannii, S. constrictum, S. sinuosum, G. tenebrosum, Glomus sp. 1, Glomus sp. 2, Glomus sp. 5, and Gigaspora sp. were found exclusively in the rhizosphere of mature trees. The morphospecies Acaulospora sp. 4 and Acaulospora sp. 7 were recorded specifically associated with seedlings. There was a greater diversity of genera and species of AMF associated with trees compared to seedlings. The percentage incidence in trees and seedlings and their morphological characteristics are shown in Figures 1 and 2 , respectively.
Colonization and spore abundance
The variables evaluated for sorghum showed significant differences in relation to the type of rhizosphere soil used as a source of inoculum (Table 2 ). The rhizosphere soil from S. macrophylla trees originated more spores (152.80 ± 3.2 SEM) than that from seedlings (87.3 ± 3.2 SEM) (P < 0.01). Similarly, the number of spores was higher (P < 0.01) from trap-plants with rhizosphere soil from trees (295 ± 4.4 SEM) than with rhizosphere soil from seedlings (132.3 ± 4.4 SEM) ( Table 2) . Sorghum plants inoculated with tree soil had higher percentages of total mycorrhizal colonization, arbuscules and hyphae (53.3 ± 2.0 SEM, 26.3 ± 1.9 SEM and 26.5 ± 1.4 SEM, respectively), compared with that inoculated with seedling soil (P < 0.01). Percent colonization by vesicles (11.3 ± 1.0 SEM) and by endophytic fungi (6.1 ± 0.9 SEM) did not differ significantly (P > 0.05). The use of sorghum as a trap-plant increased the number of spores by 93% and Table 1 Morphospecies of arbuscular mycorrhizal fungi associated with the rhizosphere of seedlings and adult trees of mahogany in a tropical rainforest in Los Tuxtlas, Veracruz, Mexico 51% compared to soil collected in the field from mahogany trees and seedlings, respectively.
Discussion
AMF morphotypes found in the rhizosphere from both seedlings and mature trees of S. macrophylla were identified as primarily belonging to the genera Glomus and Acaulospora. Additionally, in the case of mature trees species were identified as belonging to the genera Ambispora and Gigaspora. These results differ from those of Dhar and Mridha (2006) who found species from the genera Glomus and Gigaspora, but also species belonging to Scutellospora and Entrophospora in the rhizosphere of mahogany trees in a natural forest in Bangladesh. Meanwhile, Mridha and Dhar (2007) found that in mahogany trees in agroforestry systems established in Bangladesh, members of the genus Glomus were the dominant taxonomic group and only a small proportion of species corresponded to the genera Acaulospora and Scutellospora. The results also contrast with those of Shi et al. (2006) who reported that Glomus was the dominant genus in the rhizosphere of 14 genera of Meliaceae (including 2 species of Sweitenia) in a tropical forest in China, and to a lesser extent the genera Acaulospora, Gigaspora, Scutellospora and Entrophospora. These differences in AMF community composition could be linked to geographic environmental variations or the plant genotypes involved.
The AMF species found in this study have been reported to be associated with a variety of hosts and diverse vegetation types in Mexico, such as tropical rainforest (Varela-Fregoso et al. 2008; Guadarrama and Álvarez-Sánchez 1999) , tropical dry forest (Gavito et al. 2008) , deciduous tropical dry forest (Guadarrama-Chávez et al. 2007; Allen et al. 1998) , mountain cloud forest Acaulospora sp. 5, g) Acaulospora sp. 6, h) Acaulospora sp. 7, i) A. foveata, j) Gigaspora sp., k) Diversispora aurantium, l) Claroideoglomus etunicatum, m) S. sinuosum, n) R. fasciculatus, o) G. tenebrosum, p) Glomus sp. 1, q) Glomus sp. 2, r) Glomus sp. 3, s) Glomus sp. 4, t) Glomus sp. 5. (Violi et al. 2008 ) and grassland (Franco-Ramírez et al. 2007; Ramírez-Gerardo et al. 1997) . Also, the species reported in this paper have been found in Mexico associated with various crops such as maize (Guadarrama-Chávez et al. 2007 ), sugarcane, coffee and bananas (Varela and Trejo 2001) . This demonstrates, in general, enormous ecological flexibility and lack of specificity of AMF, although it has also been shown a significant functional variability among fungal species belonging to this group. The AMF species composition thus could alter plant community structure (Smith and Read 2008; Klironomos 2000) .
The average number of spores recorded from trees in this study is similar to that found by Mridha and Dhar (2007) in agroforestry systems (141 spores/100 g of soil), but lower than that reported by Dhar and Mridha (2006) and Shi et al. (2006) for mahogany trees in tropical forests of Southeast Asia (440 and 346 spores/100 g of soil, respectively). The number of spores produced in inoculated sorghum plants was higher than that found in the soil collected from the rhizosphere of trees (93.0% higher) and seedlings (51.0% higher) in the field. This difference could be explained by the fact that there are AMF species present exclusively as somatic propagules in the field that could only be detected by the trap-plant method (Guadarrama et al. 2014) . Husband et al. (2002) found that the age of the host can determine the composition of AMF populations in tropical ecosystems. By using molecular techniques in the extraction of fungal DNA from the colonized roots of Tetragastris panamensis (Engl.) Kuntse, these authors observed that when the age of seedlings of tropical trees increases the diversity of AMF declines. Similarly, Kumar et al. (2009) found higher colonization percentages and densities of AMF spores in young plants compared with old trees of maidenhair (Ginkgo biloba L.). Our results showed the opposite trend, finding more AMF species in the rhizosphere of mature trees than in seedlings, which can be explained by the fact that when trees have been longer periods of time in natural ecosystems, the possibility to be colonized by a more diverse community of AMF propagules can be increased. Similarly, than in our case Wubet et al. (2009) also found AMF species associated with both mature tropical trees and seedlings, while other species were unique to only one of the two age categories.
The production of AMF spores in tropical forests varies according to climatic seasonality during the year (Allen et al. 1998; Guadarrama and Álvarez-Sánchez 1999; Picone 2000; Lovelock et al. 2003; Ramos-Zapata et al. 2006; Vargas et al. 2010) . Recently, Guadarrama et al. (2014) demonstrated that seasonality has a strong influence on AMF diversity in subtropical dry forests. Therefore, the additional use of trap-plants allows the evaluation of the mycorrhizal inoculum potential of soil (Guadarrama et al. 2014) , thus being useful in the identification of AMF species that do not produce spores during the period in which samples are collected from the field (Stürmer 2004 ). In our study, Ambispora gerdemannii and Gigaspora sp. were not found in the natural soil collected, but they were recorded when trap-plant cultures were used. However, it is important to consider that trap-plant cultures do not necessarily show the whole composition of AMF communities, because the species used as host plants can affect sporulation of AMF communities (Bever et al. 1996) . For example, species such as G. sinuosum and G. clavisporum do not produce spores when using the trap-plant Sorghum vulgare (Guadarrama-Chávez et al. 2007 ). Our results therefore suggest that in order to have a more complete picture of the AMF communities associated with tropical trees, it is important to use both methodologies, collection of AMF from rizosphere soil and cultivation using trapplants. Dhar and Mridha (2012) showed colonization percentages for hyphae and vesicles of 60 and 40%, respectively, and the percentage of arbuscules of 19% for mahogany plantations in Bangladesh. A lower potential Total colonization 53.3 ± 2.01a 41.5 ± 2.01b 51.4 ± 0.03a 40.6 ± 0.03b % Arbuscules 26.3 ± 1.88a 17.6 ± 1.88b 24.6 ± 0.06a 14.1 ± 0.06b % Vesicles 11.3 ± 1.01a 13.23 ± 1.01a 10.6 ± 0.02a 11.8 ± 0.02a % Hyphae 26.5 ± 1.40a 14.6 ± 1.40b 22.6 ± 0.02a 14.21 ± 0.02b % Endophytes 6.09 ± 0.93a 5.5 ± 0.93a 5.2 ± 0.05a 4.12 ± 0.05a
Spore number in natural soil 152.8 ± 3.23a 87.3 ± 3.23b
Within rows, different letters indicate significant differences (P < 0.01). Values are means ± standard error of the mean.
for mycorrhizal colonization of rhizosphere soil from seedlings in comparison to mature trees (expressed as lower percentage of total mycorrhizal colonization, arbuscules and AMF hyphae) was recorded in the present work.
In natural ecosystems, a great diversity of AMF colonize plants simultaneously (Vandenkoornhuyse et al. 2002) , but generally have little taxonomic specificity to associate with plant roots (Smith and Read 2008) . However, it is important to consider that tree species from tropical forests exhibit differential responses and compatibility in growth in relation to AMF species (Pouyu-Rojas et al. 2006 ) and AMF soil communities (Fischer et al. 1994; Kiers et al. 2000; Allen et al. 2003; . Other evidence indicates that tree identity and the composition of the plant community determine the composition of AMF in tropical ecosystems (Lovelock et al. 2003; Lovelock and Ewel 2005) .
Anthropogenic disturbances such as loss of vegetation through land use change can reduce AMF diversity in tropical (Cuenca et al. 1998 ) and subtropical (Guadarrama et al. 2014 ) ecosystems, and also affect its composition (Gavito et al. 2008) . In this regard, several studies have shown that the genera Gigaspora and Scutellospora are more susceptible to disturbances in plant communities (Guadarrama-Chávez et al. 2007; Lovera and Cuenca 2007) . The loss of biodiversity in the soil is a little-studied topic that requires more attention because AMF species can influence the diversity and productivity of plant communities in natural ecosystems (van der Heijden et al. 1998) . The need for using native AMF in restoration activities in degraded tropical areas because of its potential for adapting to the environmental conditions of a particular site has been previously emphasized (Allen et al. 2005; Cuenca et al. 2007; Guadarrama-Chávez et al. 2007) .
Our results confirm the high diversity of AMF associated with the rhizosphere of S. macrophylla, similar to that reported in previous studies in Los Tuxtlas, Mexico. Varela-Fregoso et al. (2008) cataloged the species of this tropical region and recorded 60 AMF species. There is a relationship between the number and composition of species in the rhizosphere soil and the stage of development of S. macrophylla. In tropical ecosystems there is a great diversity of AMF, but studies of AMF in these ecosystems are scarce compared to temperate ecosystems or agroecosystems; additionally the characteristics of AMF found in tropical zones do not fit species previously described in the literature (Lovera and Cuenca 2007) . Positive results in terms of growth have been reported by Huante et al. (2012) in a species similar to mahogany, Swietenia humilis, following inoculation with AMF. Knowledge of the structure and function of AMF communities is an important factor to be considered in the management of this biotic resource so that it can be integrated into future environmental restoration activities, especially in degraded tropical regions where the availability of nutrients such as phosphorus is a limiting factor in plant growth. Thus, AMF is a key factor in the growth and survival of plants in early successional stages of plant communities (Janos 1980b (Janos , 1996 Cuenca et al. 1998) . Therefore, knowing the diversity of AMF associated with different growth stages of plant species is vital for maintaining the diversity and sustainability of tropical ecosystems.
Conclusions
In this research, 23 AMF morphospecies belonging to the genera Glomus, Acaulospora, Gigaspora and Ambispora were found associated with rhizosphere soil of mahogany trees growing in its natural habitat. The diversity of AMF genera and species found was around two times greater in mature trees than in seedlings. Some AMF species were only detected when trap-plants culture methods were employed, stressing the importance of this technique. This information has great potential for application and should be considered when performing reintroductions or reforestation with the native tropical mahogany tree.
